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INTRODUCTION 
In recent years we have witnessed a series of break-throughs in the 
understanding of fundamental life processes. A number of phenomena that 
in the past could only be explained by invoking a series of mysterious life 
forces have now been relegated to the level of scientifically explainable 
events. One of the major weapons in this revolution has been the combined 
use of biochemistry and genetics. Its primary accomplishment has been to 
provide our first gli^^ses of the mechanisms of biological control. 
The techniques of biochemistry allow us to fractionate living organisms 
and to define their constituent parts on a chemical level. Genetics al­
lows us to correlate aberrations in function with changes in cell chemistry. 
In most of these studies, procaryotic organisms have been used because 
they are perhaps the least complicated of all free living organisms and 
are easily amenable to the available techniques. Many of these organisms 
will grow on chemically defined media and can be modified by mutation and 
genetic exchange. 
Primary among the biological systems elucidated by these techniques 
have been those of macromoiecuiar synthesis. Most of the major aspects of 
protein and nucleic acid biosynthesis, control and degradation have re­
cently been explained. Another macromoiecuiar system has only been touched 
by the combination of biochemistry and genetics. This is the biosynthesis 
of the bacterial cell wall. 
The cell wall is usually considered to be one of the more inert 
features of a bacterium. Its major function is to provide the structural 
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integrity for an organism that would otherwise be much more susceptible to 
the vagaries of its environment. However, unlike other walls that one 
might use for analogy, this structure is not static. More and more ex­
perimental evidence is accumulating that suggests that the bacterial cell 
wall is always in a process of simultaneous degradation and repair. The 
concurrent action of these opposite processes is reasonable when one con­
siders the problems that this bag-shaped macromolecule must present to the 
growing cell. Some of the pertinent questions that can be asked are: 
how is such a structure partitioned during cell division; how does one 
enlarge a sphere without a beginning and an end; and what is the means of 
communication of this molecule to the rest of the cell? Each of these 
questions is just another way of asking how cell wall biosynthesis and 
autolysis are controlled. 
This study was undertaken to obtain and characterize mutants of 
Staphylococcus aureus with defects in cell wall biosynthesis. aureus 
has a number of advantages for this type of study; a great deal of the 
original cell wall biochemistry was done on this organism, it is amenable 
to genetic analysis and is of concern as a human pathogen. 
3 
LITERATURE REVIEW 
The cell wall of S. aureus has been shown to composed of three 
major polymer systems (Strominger, 1965). The fir^t is a linear polymer 
of alternating residues of N-acetyl-D-glucosamine ^nd N-acetylmuramic acid 
connected to one another by beta 1-4 linkages. Th^ second consists of 
the peptide bridges that cross-link the N-acetylmuramic acid residues of 
the first. These two interconnected polymers make up the peptidoglycan, 
the major structural component of the bacterial ce^l wall. Thirdly, the 
teichoic acid, which is the major determinant of ittmunological activity, 
is attached to the peptidoglycan backbone. A diagîjramatic representation 
of the peptidoglycan without the teichoic acid is igiven in Figure 1. 
(Osborn, 1969). Most of the details of the biosynthesis of this structure 
have been elucidated and a summary of the major re,actions involved in 
peptidoglycan biosynthesis is given in Figure 2 (Gjuysen et al., 1968). 
This sequence begins with the formation of UD«T"<GNAc by the reaction 
of uridine triphosphate with GNAc (Strominger and Smith, 1959). The 
amino-sugar portion of the nucleotide is then tran^sformed in two steps 
into MurNAc, the basic building block of the cell Tjall monomer. First, 
phosphoenol pyruvate is added yielding the UDP-GNA^c pyruvate enol ether 
(Strominger, 1958), which is subsequently reduced to UDP-MurNAc (Strominger, 
1958). Next, a chain of amino acids is added sequj,enLtially to the lactyl 
group of the muramic acid portion of the nucleotidee by enzymes that are 
very specific for both the amino acid and nucleoti^de substrates (Nathenson 
Figure 1. The chemical composition of the aureus peptioglycan 
taken from Osborn (1969) 
The symbols used are as follows; GNAc, N-acetyl-D-
glucosamine; MurNAc, N-acetylmuramic acid; L-ala, 
L-alanine; D-gluNH2, D-glutamic acid amide; L-lys, 
L-lysine; gly, glycine. 
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Figure 2. The pathway for the biosynthesis of the aureus 
peptidoglycan modified from Ghuysen et al. (1968) 
The symbols used are as follows; GNAc, N-acetyl-D-
glucosamine; MurNAc, N-acetylmuramic acid; UDP, 
uridine diphosphate; L-ala, L-aianine; D-glu, D-
glutaraic acid; gluNH2; D-glutamic acid amide; L-lys, 
L-lysine; gly, glycine; PPL, C55 lipid pyrophosphate. 
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et al., 1964; Ito and Strominger, 1960, 1962)» Each of the reac­
tions requires adenosine triphosphate and The biosynthesis of this 
peptide is not inhibited by chloramphenicol, an antibiotic which 
specifically inhibits protein synthesis (Matsuzawa et al., 1970). The 
first three amino acids are added in the sequence L-alanine, gamma-D-
glutamic acid and L-lysine. To this tripeptide-aminosugar-nucleotide, a 
D-alanyl-D-alanine group is then added. This dipeptide is formed by the 
joining of two D-alanine molecules by the enzyme D-alanyl-D-alanine ligase 
(Ito and Strominger, 1960). The D-alanine is obtained from L-alanine 
by the enzyme alanine racemase (Strominger et al., 1960), 
For the next series of reactions, the muramy1 pentapeptide moiety 
is transferred from uridine diphosphate to a isoprenoid carrier forming 
a lipid-P-P-monosaccharide-pentapeptide (Anderson et al., 1965). The sug­
gestion has been made that the addition of the monosaccharide-pentapeptide 
to the phospholipid may enable the monomer to cross the cell membrane so 
that it can be attached to the cell wall acceptor site on the outside 
(Ghuysen et al., 1968). 
Movcvcr, bcfcrs the peptidoglycan monompr Is attached to a cell wall 
acceptor site, it undergoes further modification while joined to the 
carrier lipid. By means of a transglucosylation, N-acetylglucosamine is 
transferred from UDP-N-acetylglucosamine to the muramic acid unit with 
the release of UDF (Anderson et al., 1965). Subsequently, ammonia is used 
as the donor in an ATP-dependent reaction to amidate the alpha-carboxyl 
group of the gamma linked glutamic acid residue (Siewert and Strominger, 
1968). 
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The next step is the addition of a pentaglycine unit to the epsilon 
amino group of the terminal L-lysine in the disaccharide pentapeptide. 
This series of reactions has been shown to be RNase sensitive (Chatterjee 
and Park, 1964). Glycine is activated as glycyl-tRNA and then transferred 
to the phospholipid-disaccharide-pentapeptide moiety (Matsuhashi et al., 
1965). With the completion of these reactions the monomer that will be 
added to the cell wall peptidoglycan of £. aureus is fully formed 
(Matsuhashi et al., 1967). The enzyme, peptidoglycan synthetase, mediates 
the transfer of the completed monomer from the phospholipid to the cell 
wall acceptor site with the release of the lipid pyrophosphate carrier 
portion (Anderson et al., 1965). The lipid pyrophosphate is then de-
phosphorylated to the monophosphate so that it may pick up another unit. 
Polysaccharide backbones are crosslinked by a transpeptidation of 
the terminal glycine of one monomer to the subterminal D-alanine of another 
with the loss of the terminal D-alanine. The percentage of monomers that 
are actually cross-linked varies from strain to strain and is about 15% 
for £. aureus Copenhagen (Tipper and Berman, 1969). 
The study of peptidoglycan biosynthesis has been aided by the use of 
a number of antibiotics that cause the accumulation of nucleotide cell 
wall intermediates. The antibiotic D-cycloserine is a competitive in­
hibitor of both alanine racemase and D-alanyl-D-alanine ligase and causes 
the accumulation of the nucleotide tripeptids (Strominger et al.. 1959), 
Another antibiotic, 0-carbamyl-D-serine, causes the accumulation of the 
same nucleotide but is a competitive inhibitor of alanine racemase only 
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(Lynch and Neuhaus, 1966). Several other antibiotics affect the terminal 
reactions. Vancomycin and ristocetin specifically inhibit the transfer 
of the completed monomer from the phospholipid carrier to the cell wall 
acceptor site. The final step in cell wall biosynthesis, the cross-linking 
reaction, is inhibited by penicillin (Tipper and Strominger, 1968). 
Also, the dephosphorization of the lipid pyrophosphate carrier molecule 
has been shown to be inhibited by the antibiotic bacitracin (Siewert 
and Strominger, 1967). 
Little work has been done on the genetics of peptidoglycan biosynthesis; 
therefore, an examination of the genetics of a cell wall component of 
another organism might prove useful. The 0-antigen of Salmonella has 
several structural and biosynthetic similarities to the peptidoglycan. 
It is a heteropolysaccharide that is built up with the addition of . 
nucleotide-activated sugars by specific transferases. Also, like the 
peptidoglycan, the monomers are formed on lipid carrier molecules (Wright 
et al., 1967). A diagramatic representation of the Salmonella 0-antigen 
is given in Figure 3 (^fikelE et al., 1970). This coiiipound is divided into 
three sections: the inner core containing lipid A to which is attached 
a core that connects to the 0-sidechain. It is the 0-sidechain that con­
fers the different 0-antigen specificities. A loss of the 0-sidechain 
results in a rough colonial morphology, spontaneous agglutination in saline, 
loss of 0-antigen specificity and a loss of virulence (Makela and Stocker, 
1969). These easily observable and usually non-lethal differences between 
Figure 3. The schematic structure of the Salmonella lipopoly-
saccharide modified from Makela et al, (1970) 
The symbol vised is as follows; KDO, ketodeoxy-
octenate. 
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cells that have and do not have the 0-antigen have allowed this system 
to be very finely dissected both genetically and biochemically. 
The genes governing the biosynthesis of the 0-specific lipopolysac-
charide have been found to be located in four genetic clusters (b&kela 
et al., 1970), The rfa group code for transferases required for core 
synthesis. These rfa mutants can make normal 0 sidechains but cannot 
transfer them from the lipid carrier on which they are formed to the rest 
of the molecule because of the incomplete core. Mutants in a second group 
(rfb) have a complete core but no 0-specific material. These mutants lack 
active transferase enzymes required for 0-sidechain biosynthesis. The 
0 repeating unit is synthesized on a isoprenoid alcohol similar to or 
identical with that used in peptidoglycan biosynthesis (î^àkel'à and Stocker, 
1969). The mutants lacking the ability to polymerize the repeating 0 units 
are called rfc and map away from the rfa and rfb clusters. Another class 
of rough mutants (rfe) map close to but distinct from the rfa group and 
may have defects in gene products that function in the utilization of the 
antigen carrier lipid. 
Although the genetics of peptidoglycan biosynthesis has not been as 
thoroughly studied as that of the 0-antigen, a number of cell wall mutants 
have been isolated from a variety of organisms. In 1966 Mangiarotti and 
Schiessinger reported the isolation of sucrose-dependent mutants of 
Escherichia coli. Their objective in this study was to obtain fragile 
cells that could be gently lysed to aid in the study of polyribosomes. 
The fragile nature of the defects in some of the sucrose dependent mutants 
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(sud) was shown by their lysis when grown in media containing low con­
centrations of sucrose. The requirement of one mutant (sud-25) for high 
concentrations of sucrose could be alleviated by the addition of the cell 
wall amino acid D-alanine to the culture medium. Another mutant, sud-24, 
which has recently been used to observe genetic transcription and trans­
lation by electron microscopy (Miller et al., 1970), has more complex 
growth requirements. When cultured in 11-20% sucrose or 20% alpha-
methylglucoside the organism grows at a constant rate and is difficult to 
lyse. However, when grown in a mixture of 15% carbowax and 4% sucrose the 
cells do become fragile but are protected from lysis by the carbowax. Cell 
fragility seems to be dependent on the concentration of sucrose in the 
medium but does not appear to be the result of its metabolism. 
Another type of cell wall mutant in _E. coli has been derived by Adler 
et al. (1968). This mutant (p678-7) was originally isolated because of 
its radiation resistance but was subsequently studied because of aberrant 
cell morphology; instead of the usual rod shape, they were spherical. 
The authors inserted a Ion" allele (3.300-NG) into strain p678-7 by con-
iugation. This allele causes a lack of cytokinesis and the formation of 
long filaments after irradiation with UV. When the double mutant was ir­
radiated, giant cells 500 to 1000 times the volume of normal coli were 
formed. The authors found it impossible to map this genetic lesion be­
cause all F" recipients retained the abnormal morphology. 
In 1968 Yura and Wada reported the isolation of mutants of coli 
K-12 that were resistant to phenethyl alcohol (PEA). A concentration of 
0.2% of this compound inhibited DNA, RNA and protein synthesis, initiation 
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of the DNA replication cycle and membrane permeability to potassium ions 
in the K-12 strain but had a reduced effect on a PEA resistant mutant, C600. 
The location of the resistance marker was determined to be at 2 min on the 
E. coli map, very close to the gene for azide resistance (azi). In fact, 
certain azide-resistant mutants derived from a PEA-resistant parent were 
found to have simultaneously become PEA-sensitive, suggesting that the 
two mutants are functionally related. Some of the azi mutants were re­
sistant at 25C but failed to multiply with or without this inhibitor at 
42C. Instead, they formed long cells reminiscent of the Ion" mutants. 
These results suggest that this region may contain a gene or genes involved 
in cell membrane or cell wall synthesis (Taylor, 1970). 
While my work was in progress, Matsuzawa et al. (1969) published the 
results of experiments with coli K-12 mutants displaying defective pep-
tidoglycan biosynthesis. These mutants were isolated as temperature-
sensitive cells that lysed during exposure to the restrictive temperature 
(42C). Eight of the nine strains isolated would only grow at the elevated 
temperature when 20% sucrose was incorporated in the medium. All nine 
mutants had reduced levels ot peptidoglycan bicsyuLheals and some accumu­
lated cell wall precursor nucleotides. Four of the mutants were located 
on the coli map. Two, ST-5 and ST-35. were closely linked to the 
arginine H locus at 78 min on the coli chromosome and two, ST-22 and 
ST-640 mapped between the loci for arabinose and lactose utilization at 
about 2 min. It is interesting to note that the position of two min is 
approximately the location of the azi and PEA loci (Taylor, 1970). Also, 
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even though the mutants had reduced peptidoglycan biosynthesis and became 
fragile at the restrictive temperature, they did not form spheroplasts 
when grown at the elevated temperature in the presence of sucrose. This 
suggests a leaky phenotype. 
Work on Bacillus subtilis has recently yielded several different types 
of morphological mutants with presumed cell wall defects. A temperature-
sensitive rod" mutant of subtilis 168 has been described that exists 
as normal rods at 30C but takes on a spherical morphology at 45C (Boylan 
and Mendelson, 1969). Returning spherical cells to the lower temperature 
allows them to regain their bacillary form. As with mutant P678-7 of £. 
coli, the spherical form exhibits no unusual osmotic requirements. 
Another class of morphology mutants has been isolated in B. subtilis and 
]B. licheniformis by Rogers et al. (1968). These mutants grow as spheres 
in media of low osmotic strength but become rods, although sometimes 
misshapen rods, in media containing 0,8M NaCl (Rogers et al., 1970). 
Only one of the mutants lysed when rapidly diluted into media on low ionic 
strength. Most of these mutants showed variable wall thickness when ex­
amined by electron microscopy. One of the muLiiuLs, rod-4; ragaincd normal 
bacillary morphology if either 0,8M NaCl or L-glutamine was added to the 
culture medium (Rogers and McConnell, 1970), 
Several different types of mutations affecting the cell wall have 
been isolated in aureus. Chatterjee (1969) isolated phage-resistant 
mutants of aureus H (Sm^) lacking N=ac8tyl-D-glucosamine in their 
teichoic acid; two of these mutants were deficient in cell wall phosphorus 
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and ester-linked D-alanine. One of the teichoic-acid deficient mutants, 
52A5, was pleiotropic; it formed large clumps of cells, had reduced 
levels of soluble autolysin, and failed to accumulate cell wall precursors 
upon treatment with penicillin (Chatterjee et al., 1969). 
Other workers have isolated mutants resistant to antibiotics known 
to affect cell wall biosynthesis. Howe et al. (1964) isolated mutants of 
S. aureus Copenhagen resistant to D-cycloserine. None of these mutants 
possessed high levels of resistance to D-cycloserine as the result of a 
single mutation, a situation which is reminiscent of penicillin-resistant 
mutants (Demerec, 1948). Single-step mutants of Streptococcus challis 
resistant to D-cycloserine have elevated levels of alanine racemase 
and D-ala-D-ala synthetase and subsequent mutations to higher levels of 
resistance increase the specific activity of these enzymes (Reitz et al., 
1966). In a recent paper, mutants resistant to the antibiotic methicillin 
were reported (Sabath et al., 1970). The investigators could not acquire 
pure clones of these mutant cells. Although no alterations in the ratio 
or type of cell wall amino acids were found, the mutant clones (even 
chough impure) did exhibiL redu'. t;u susceptibility to Lysostîyhiri (Schindler 
and Schuhardt, 1965), a cell wail degrading enzyme. 
From Saccharomyces cerevisiae, Hawthorne and Friis (1964) isolated a 
class of mutants that possessed defined auxotrophic requirements, but 
that grew in minimal media if it contained IM KCl. Other solutes, (e.g. 
diethylena glycol, glucose and glycerol), in concentrations yielding 
similar osmotic pressures, were also remedial. Several of these mutants 
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were temperature sensitive. The authors explained the remedial effect 
of high solute concentrations as producing an alteration in the tertiary-
structure of the affected protein, causing it to regain a functional con­
formation. This theory was supported by the fact that many of the mutants 
were capable of intragenic complementation (where defects in two separate 
protomers of a multisubunit enzyme interact to form a functional complex) 
suggesting that the mutation was of the missense type. This explanation 
was also supported when it was found in cerevisiae that a specific 
enzyme, galactose-l-phosphate uridyl transferase was both temperature 
sensitive and osmotic remedial when assayed vitro (Bassel and Douglas, 
19Ô8). Also, the enzyme beta-lactoglobulin has been shown to undergo 
changes in tertiary structure in concentrated solutions of ethylene glycol 
(Nosaki, 1965). Similar osmotic remedial, and osmotic sensitive, mutants 
of Schizosaccharomyces pombe have been reported (Megent, 1966). 
Metzenberg (1968) described an ethionine-resistant mutant of Neurospora 
crassa that failed to grow at a low temperature and grew at 36.5C when its 
medium contained glycerol or KCl at concentrations between 0.8 and 1.5M. 
This author also suggests that the phenotypic repair observed at high 
osmolarities is due to a conformational change in the affected protein. 
Therefore, the osmotic remedial mutants described above do not appear to 
affect the cell wall but to depend on the alteration of the conformation 
of a defective protein by high solute concentrations. 
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MATERIALS AND METHODS 
Media 
The commercially prepared media used in this study included Brain 
Heart Infusion broth (BHI, Difco, Detroit, Mich.), Nutrient Broth (NB, 
Difco) and Trypticase Soy Broth and Agar (TSB and TSA, Baltimore 
Biological Co., Baltimore, Md.). Other media included: Trypticase Soy 
Salt Broth (TSSB, TSB + 57. NaCl), Nutrient Salt Broth (NSB, NB + IM NaCl) 
and P and D broth (NB + 0.257, K^HPO^ and 0.2% dextrose). Solid media were 
prepared by adding either 1.5 or 0.4% Bacto-Agar (Difco) for regular and 
soft agar respectively. A defined medium, S medium, (Weaver and Pattee, 
1964), was also used and its composition is given in Table 1. Mineral 
salts (20X), amino acids (lOOX), and Vitamin? (lOOOX) were prepared and 
sterilized as separate stocks. Certain amino acids were deleted as re­
quired by different experiments. When a defined solid medium was required, 
1.5% Noble agar (Difco) was used. All media were autoclaved at 15 lbs 
pressure for 15 min and cooled to at least 45C before the addition of any 
heat labile VJhcr. a solid medi"m In petri plates was required, 
it was always cooled to 45C before pouring. 
All glassware used in these studies were cleaned by soaking in 
Haemo-Sol (Meincke and Co., Baltimore, Md.) and rinsing thoroughly with 
tap water followed by three rinses with deionized water. 
Bacterial Strains 
The parent strain for all mutants of £, aureus obtained in this study 
was Ô55HT, a penicillinass-producing tryptophan-dependent mutant of the 
20 
Table 1. Composition of synthetic broth 
Component Concentration 
(jiu/ml deionized water) 
glucose^ 4 ,000 
KgHPO^ 7 ,000 
KH2PO4 2 ,000 
(NH4)2S04 1 ,000 
sodium citrate 500 
MgS04.7H20 100 
L-alanine 80 
L-arginine 50 
L-aspartic acid 90 
L-cystine 20 
L-glutamic acid 100 
glycine 50 
L-histidine 20 
L-isoleucine 30 
L-leucine 90 
L-lysine-HCl 50 
L-methionine 3 
L-phenylalanine 40 
L-proline 80 
L-serine 30 
L-threonine 30 
L-tryptophan 10 
L-tyrosine 50 
L-valine 80 
niacin 1 
Sterile glucose was added aseptically to sterilized and cooled 
synthetic media. 
uistiuine auxotroph hisGb-15 (Kloos and Pattee, 1965). Other strains de­
rived from 655 were also used. Strain 655C has been cured of a prophage 
carried by the parent 655 (Gutman and Pattee, 1970), 655N is resistant to 
the antibiotic novobicin (Pattee and Baldwin, 1961), and strain 655 gua-76 
is a guanine requiring auxotroph (Gabbard, 1967). 
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Bacteriophages 
Phage typing patterns were determined by the use of bacteriophages 
29, 52A, 79, 80, 81, 6, 7, 83, 42B, 47, 53, 54, 75, and 77 of the 
International Typing Series. The maintenance, propagation, titration and 
phage typing procedures have been previously described (Pattee and 
Baldwin, 1961). 
Phage 83 was used for all transductions. Not only does this phage 
have a strong lytic activity on strain 655C, but it also exhibits the 
highest frequency of transduction of a number of phages tested (Kloos 
and Pattee, 1965). Transducing lysates were prepared by a modification 
of the agar-layer method of Swanstrom and Adams (1951) as used by Kloos 
and Pattee (1965). Cells from a BHI agar slant culture incubated at 30C 
for 18 hr were resuspended in 1 ml of P and D broth and 0.15 ml was added 
to 2,5 ml of melted and cooled P and D soft agar. To this suspension ap­
proximately 5 X 10® plaque forming units (pfu) of phage 83 propagated on 
strain Ps 83, contained in 0.1 ml, were then added. The suspension was 
mixed and poured onto a plate of P and D agar. These plates were in­
cubated at 30C for 8 hours, after which time the soft agar layer was re­
moved by the use of a sterile bent glass rod. Ten mis of P and D broth 
were added to the soft agar obtained from six plates and the mixture 
homogenized by repeated pipetting. This suspension was transferred to a 
15-ml centrifuge tube and spun at 1,200 x g for 10 min. The supernate 
was then carefully decanted and sterilized by passage through a 0.45 jx 
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membrane filter (Millipore Corp., Bedford, Mass.). The sterilized lysates 
were stored at 4C in 16 X 125 mm screw cap tubes. Bacterial sterility of 
the lysates was monitored by spreading 0.1 ml of the lysate with a sterile 
glass rod on plates of NA and incubating them at 30C for 48 hr. The titer 
of a lysate was always determined within 48 hr before use. Each lysate 
was titered by the method of Kloos and Pattee (1965), with the exception 
that the P and D plates were incubated at room temperature (24C) over­
night instead of 12 hr at 37C. This method gave relatively large plaques 
for phage 83 and required a minimum of movement of the plates that might 
disturb the soft agar layer. 
Isolation of Mutants 
All the temperature sensitive mutants derived in this study were ob­
tained from aureus 655HT after treatment with N-methyl-N-nitroso-N' 
nitrosoguanidine (NG, K and K Laboratories, Plainview, N.Y.). The NG 
solution was prepared by dissolving 29 mg of NG in 100 ml of 0.5% sodium 
citrate (pH 5.5) and filter-sterilizing the solution by passage through a 
sterile 0,45 u membrane filter. One ml of NG solution was used to re-
suspend the cells from an 18-hr BHI agar slant of the parent strain 
incubated at 37C. This cell suspension was added to an additional 4 ml 
of mutagen solution and incubated without shaking at 37C for 75 min. The 
mutagenized cells were then centrifuged at 1,200 x g for 10 min, washed in 
TSSB, and resuspended in 1 ml of the same medium. To allow for segregation 
of the mutagenized nuclei, the mutagenized cell suspension was added to 
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another 9 ml of TSSB in a 125-ml flask and incubated at 30C for three hours 
with shaking on a Burrell Wrist-Action Shaker (Burrell Corp., Pittsburg, 
Pa.). The mutagenized cells were then diluted and 0.1-ml aliquots of the 
appropriate dilutions were spread on plates of TSSA. These plates were 
incubated at 30C for 24 hr in the inverted position. Sterile velveteen 
(Lederberg and Lederberg, 1952) was used to replicate the resulting colonies 
onto plates of NA and NA + 10% NaCl, in that order. After 48 hr of in­
cubation at 43C, clones which did not grow on NA but did grow on NA + 10% 
NaCl were identified. Isolates of these presumptive mutant clones were 
taken from the TSSA plates and stocks made. Cells from each isolate were 
streaked on plates of NA + 10% NaCl and incubated at 30C for the isolation 
of pure clones. Each mutant was then tested for growth at 43C in the ab­
sence of NaCl by streaking on plates of NA. Isolates that showed no evi­
dence of any growth at the restrictive temperature were retained for further 
study. 
Growth Response to Remedial Agents 
Media for testing fha nsmntic-remedial capacity of a solute were made 
by dissolving NB and the solute at the desired concentration in deionized 
water in a 100-ml volumetric flask and bringing the flask to volume. The 
solution was then added to a 250-ml Erlenmeyer flask containing l,5g of 
Bacto=Agar and autoclaved. When the media had cooled to 45C, it was 
poured into petri plates and dried overnight in the inverted position. 
The inocula for the plates consisted of cells grown for 24 hr at 30C on 
BHI agar slants, resuspended in 1 ml of 0.85% sterile saline per slant and 
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diluted 1;100 in sterile saline. A small drop of each suspension was 
placed on plates of each type of medium (6 drops per plate) and the 
plates incubated at 43C in the upright position. When the suspensions 
had dried (usually about 18 hrs), the plates were inverted and incuba­
tion continued at 43C. The plates were examined periodically for growth. 
The possible remedial effect of intermediates of cell wall bio­
synthesis was tested in an analogous manner. The compounds used were; 
D-alanine (80 yug/ml, Nutritional Biochemicals Corp., Cleveland, Ohio), 
D-glutamate (100 ^g/ml, Calbiochem, Los Angeles, Calif.), and DL-
alanyl-DL-alanine (320 ^ g/ml, Sigma Chemical Co., St. Louis, Mo.). The 
amino acids and peptides were sterilized separately as lOOX stocks and 
added to autoclaved and cooled NA just before pouring. 
Antibiotics 
Several different antibiotics have been used in this study. Bacitracin 
lot No. 2nc85, a gift from Eli Lilly and Co., Indianapolis, Indiana), 
Ristocetin (a gift from Abbott Laboratories, New York, N.Y.) and 
D-cycIoserine (Mann Research Laboratories, New York, N.Y.) are all in­
hibitors of cell wall biosynthesis. Chloramphenicol (lot No, 65211, 
Calbiochem), an inhibitor of protein synthesis, was also used. All anti­
biotics were dissolved in deionized water, filter-sterilized by passage 
through a 0.45 )i membrane filter, and stored at 4C in screw cap tubes. 
The antibiotic solutions were renewed every few days as needed. When 
required, growth inhibitors were added to cooled (45C) agar media that 
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was mixed well before pouring. Before use, the plates were dried over­
night at 37C in the inverted position. 
Growth Studies 
The cultures were incubated in 300-ml nephelometer flasks (Bellco 
Glass, Vineland, New Jersey) containing 100 ml of media on a water bath 
shaker (model 02156, American Optical Co., Richmond, California) operat­
ing at 110 oscillations per min. Culture turbidity was followed by op­
tical density (O.D.) at a wavelength of 540 nm on a Spectronic 20 
Colorimeter (Baush and Lomb, Rochester, N.Y.). Cell viability was 
measured by plate counts performed by diluting 0.5 ml aliquots of the 
culture in 0.85% sterile saline, and spreading duplicate 0.1 ml samples 
on plates of NA. These plates were scored for growth after 48 hr 
incubation in the inverted position at 30C. 
Cell Fragility 
Cell fragility was monitored by a modification of the method of 
Metcalf and Deibei (1969) in Wuicri the decrease in O.D. caused by the 
addition of sodium lauryl sulfate (SLS, final concentration of O.OIM) 
to culture fluid is used as an Indication of cell fragility. A 4.9-ml 
aliquot of culture was placed in an 18-mm-diameter culture tube, the O.D, 
noted, 0.1 ml of 0.5M SLS added, and the O.D. read again after 15 min 
of incubation at 43C. Experiments have shown that after 15 min exposure 
to SLS, the O.D. was no longer declining. 
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Nucleotide Assay 
Collection and extraction of cells 
Cells were harvested either by centrifugation at 2,520 x g for. 20 
min at 4C or by collection on membrane filters (0.45^). The cells col­
lected by filtration were washed with two 10-ml volumes of 0.85% saline 
and then removed from the filter by washing them into a 15 ml centrifuge 
tube with 2 ml of deionized water. When centrifugation was used as the 
means of collection, the pellet was gently resuspended in 2 ml of de-
ionized water and transferred to a 15 ml centrifuge tube. 
For extraction of the cells, the centrifuge tubes were covered with 
aluminum foil, immersed in a boiling water bath for 10 min, and then 
cooled on ice. Cell debris were removed by centrifugation at 17,300 x g 
for 30 min at 4C, the supernate being removed and stored at -IOC in a 
screw cap tube. 
Assay for nucleotides 
The assay for cell wall precursor nucleotides was adapted from 
that described by Reissig et al. (1955), as modified by 
D. Tipper.^ Aliquots of 180 jul of cell extract were added 
to each of 3 3-ml test tubes on ice. Each tube also received 
40 jdl of 0.125 N HCl. Tube No. 2, the sample tube, was covered with 
aluminum foil and placed in a boiling water bath for 5 min. After the 
sample tube had cooled on ice for 5 min, 40 ^ 1 of 0.125 N NaOH + 5% 
were added to each of the tubes. A 10-pl aliquot containing 100 nH of 
^Tipper, D., Madison, Wisconsin. Modification of the assay for nu­
cleotide precursors of cell wall. Private communication. 1970. 
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N-acetylglucosamine (A grade, Calbiochem) was added to tube No. 3 as 
an internal standard; all three tubes were covered and heated for 7 min 
in a boiling water bath, cooled on ice, and brought to room temperature. 
Color reagent (500 pi), diluted 1:2 in glacial acetic acid was then 
added. The stock color reagent was made by dissolving 16 g of p-di-
methylaminobenzaldehyde (DMAB, B grade, Calbiochem) in glacial acetic 
and bringing the solution to a total volume of 95 ml. Concentrated HCl 
(5 ml) was then added and the reagent stored at AC. Fresh DMAB stock 
reagent was made each month and diluted just before use. After adding 
the color reagent, the tubes were incubated at 37C for 20 min, cooled 
in tap water, and the O.D. (585 nm) of the sample read immediately. The 
O.D. was determined on a Gilford Model 2000 Multiple Sample Absorbance 
Recorder (Gilford Instruments Laboratories, Inc., Oberlin, Ohio) using 
microcuvettes (1.3 ml capacity, l-cm light path; Arthur H. Thomas, Co., 
Philadelphia, Penn.) and the pin hole aperture. The nM of nucleotide 
accumulated per 180 pi of extract was calculated by the following formula; 
accumulated nM of nucleotide = 100 x O.D. sample (tube No. 2)/0.D. 
internal standard (tube No. 3). Tube No. 1 was used as the blank. 
Protein determination 
Protein was determined by the method of Lowery et al. (1951). 
Radiotracer Studies 
The cells from a BHI agar slant culture incubated at 30G for 18 hr . 
were resuspended in 1 ml of synthetic broth containing 10 yug phenylalanine 
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and 20 jàg thymidine per ml. This suspension was used to inoculate 100 
ml of the same medium in a 300-mlnephelometer flask to an O.D. of about 
0.1. The culture was incubated overnight at 30G with shaking. Aliquots 
were used to inoculate l25-ml Erlenmeyer flasks containing 24 ml of the 
synthetic broth, pre-warmed to 30C, to an initial O.D. of about 0.05. 
The turbidity of the culture was determined by removing a 1-ml sample 
and reading the O.D. in a 1.1 ml quartz microcuvette in a Model DU-2 
Beckman Spectrophotometer (Beckman Instruments, Inc., Pullerton, Calif.) 
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at 540 nm. After incubation for ^ hr, 5 ^ c of C phenylalanine 
O 
(specific activity = 0.23 mc/mg) and 50 ^ c of H thymidine (specific 
activity = 1.0 mc/0.036 mg) obtained from New England Nuclear (Boston, 
Mass.) were added to the cultures. Samples were taken periodically for 
O.D. and radioactivity analysis. The 1-ml samples for radioactivity 
analysis were pipetted into 1 ml of cold 10% trichloroacetic acid (TCA) on 
ice. The TCA precipitate was collected on a 0.45 ^  membrane filter and 
the test tube rinsed with two 5-ml aliquots of 5% TCA. The filters were 
then placed in low potassium glass scintillation vials (No. NEE-923, 
New England arid clrisd. scintillation cocktail (5 ml) was then added 
to each vial. The scintillation cocktail consisted of 380 mg of dimethyl 
POPOP (Packard Instrument Company, Inc., Downers Grove, 111.), and 19 g. 
of PPG (New England Nuclear) in 3.78 1 of toluene. All samples were 
counted on a Packard Tri-carb Liquid Scintillation Spectrometer Model 
3380 with the Absolute Activity Analyser using fixed windows for the 
and ^^C channels. 
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Transductions 
The technique used is a modification of that of Kloos and Pattee 
(1965). From a BHI agar slant culture that had been incubated at 30C for 
24 hr, each recipient culture was resuspended in 1 ml of P and D broth 
and 0.5 ml of this suspension added to two sterile culture tubes. One 
tube, used as a control, received 1.5 ml of P and D broth while the other 
tube received 1 ml of P and D broth and 0.5 ml of diluted phage lysate. 
Also, 0.1 ml of 2 X 10"% CaCl^ was added to both tubes. After the ad­
dition of phage lysate, the tubes were shaken at full speed on a Warner-
Chilcott Laboratories platform water bath shaker at 30C for 30 min. 
Aliquots (0,1-ml/plate) were spread on duplicate plates of NA and 
NA + 0.5% Na citrate prewarmed to 43C and immediately placed in a Pre­
cision Scientific Model 905 incubator at 43C. In order to get the cul­
ture to 43C as rapidly as possible and be sure that this temperature was 
maintained, the best-fit transductions were done in two groups three 
hours apart. The addition of plates to the incubator in this manner 
caused a drop of no more than 2C and allowed the temperature to return to 
43C within three hours. The transduction plates were counted after 48 hr 
of incubation at 43C. 
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RESULTS 
Isolation and Characterization of Mutants 
After mutagenesis of strain 655HT, 137 presumed TSSR mutants (out 
of 6200 colonies from three experiments) were isolated. Each isolate 
was grown on a quarter section of a BHI agar plate at 30C for 48 hr 
and then transferred to plates of NA and NA + 10% NaCl. The plates were 
examined after 48 hr of incubation at 44C. Of the 137 colonies picked 
and tested, only thirty showed a clear lack of growth without NaCl and 
good growth in its presence at the restrictive temperature. Each isolate 
was cloned at 30C on BHI agar. All further studies were performed with 
these isolates. This number was reduced even further because of re­
version to wild-type of several of the mutants during these studies. 
Because genetic analysis of the TSSR mutants by generalized trans­
duction with phage 83 was one objective of this study, the susceptibility 
of the TSSR mutants to lysis by this phage and several other phages was 
examined. The results of these phage typing experiments are given in 
Table 2. All mutants except TSSR-65 and 33 had the general phage typing 
pattern of the parent strain. These two strains showed lysis with a 
larger number of bacteriophage, perhaps because of their slower growth 
rate. All strains were found to be Gram positive cocci when grown at 30C, 
Table 3 contains the results from a series of experiments in which 
the remedial effect (the ability to support growth at the restrictive 
temperature) of various solutes was tested. For all mutants other than 
TSSR-123, 2 M sucrose and 1 M NaCl were both remedial. However, D-alanine, 
Table 2. Phage-typing pattern of TSSR mutants of S. aureus 655HT at 3OC 
Strain Degree of lysls^ using phage; 
29 52A 79 80 81 6 7 83 42B 47 53 54 75 77 44) 
655C L 4 2 4 3 4 
655HT - - - - 4 - 3 4 4 - 4 -
TSSR-1 - - — — - 4 - 3 4 4 - 4 -
TSSR-9 - I - — — - 4 - 3 4 3 - 4 -
TSSR-15 - 4 - - 1 4 - - 4 4 4 4 -
TSSR-17 - 2 - — — - 4 - - 4 4 - 4 -
TSSR-25 - ,3 - — — - 4 - 3 4 4 - 4 -
TSSR-33 2 4 ,3 3 1 3 1 4 1 4 4 4 1 4 1 
TSSR-39 - 2 - - - - 4 - - 4 3 - 4 -
TSSR-65 - 4 - 3 3 3 4 3 4 4 4 - 4 3 
TSSR-84 - 2 - — - - 4 - - 4 3 - 4 -
TSSR-87 - L - — — - 4 - 2 4 4 - 4 -
TSSR-95 - 3 - M - - 3 - 3 4 3 - 4 -
TSSR-101 1 4 - — — 1 4 - - 4 3 - 4 -
TSSR.112 2 3 3 - — — - 4 - 2 4 2 - 4 1 
TSSR-113 - 3 - — — - 4 - 4 4 4 - 4 -
TSSR-115 2 - - - - 4 - 2 4 3 1 4 -
TSSR.123 - - - - - - 4 - - 3 - 1 3 -
TSSR-127 2 4 4 3 4 
^The degree of lysis is recorded as; - = no lysis ; 1 = less than 50 p laques ; 2 = greater 
than 50 plaques; 3 = ragged edge to clear lytic area; 4 = confluent lysis. 
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Table 3. The ability of various substances to support the growth of 
TSSR mutants at 43C 
Strain Growth response^ on NA containing^ 
- D-glu D-ala Gly Sue NaCl 
655C 4 4 4 4 4 4 
655HT 4 4 4 4 4 4 
TSSR-1 - - - - 4 4 
TSSR-9 - - - - 4 4 
TSSR-15 - - - 3 4 4 
TSSR-17 - - - 2 4 4 
TSSR-25 - - - - 4 4 
TSSR-33 - - - - 4 3 
TSSR-39 - - - - 4 4 
TSSR-65 - - - - 4 4 
TSSR-84 - - - 3 4 4 
TSSR-87 - - - - 4 4 
TSSR-95 - - - 3 4 4 
TSSR-101 - - - - 4 4 
TSSR-108 - - - - 4 4 
TSSR-112 - - - - 4 4 
TSSR-113 - - - - 4 4 
TSSR-115 - - - - 4 4 
TSSR-123 - - - - 2 3 
TSSR-127 - - - - 4 4 
^Growth response is recorded as no growth; 1 = 1--5 colonies; 
2 = 3-30 colonies; 3 = = LiiuLc t-hiân 50 1 *1 • AO * A — n QT) fluent growth. 
^D-glu = = 100 ;ig/ml D-glutamate; D-ala = 80 >ig/ml D^alanine; 
Gly = 2 M glycerol; Sue = 2 M sucrose; NaCl = 1 M sodium chloride. 
D-glutamate and 2 M glycerol did not support confluent growth for any 
of the mutants. The failure of 2 M glycerol to support growth is in 
agreement vjith the findings of Mitchell and Moyle (1957). They de­
termined that glycerol is not an osmotic stabilizer for aureus proto­
plasts because the plasma membrane is highly permeable to this solute. 
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The minimum remedial concentration of NaCl that would allow con­
fluent growth varied among the mutants from 0.5 to 1.0 M (Table 4). As 
the minimum remedial concentration for any one mutant was approached, 
more and more individual colonies were observed. Further testing showed 
that these colonies were not temperature sensitive and therefore were 
true revertants. However, cells taken from areas of confluent growth 
were temperature sensitive and therefore were not revertants. Several 
mutants for which glycerol was not remedial showed more revertants on 
NA + 2 M glycerol than on NA alone. This response may have been due to 
the time required for glycerol to reach equilibrium across the cell mem­
brane, or to a slight remedial effect of the high solute concentration. 
Osmotic and Temperature Shift Growth Studies 
Preliminary growth studies were performed to screen the mutants for 
aberrant patterns of growth. Each mutant was inoculated into 18 mm 
diameter culture tubes containing either NB, NB + 5% NaCl or NB + 10% NaCl 
and incubated at the restrictive temperature with shaking. Growth was 
followed by O.D. Those strains tnac grew well Llic irestrictivc tempera­
ture without NaCl were discarded. Since all mutants grew faster in 57» 
NaCl than 10% NaCl, the higher concentration of salt was no longer used. 
These growth studies also showed that some of the mutants noc only ceased 
growth, but experienced a drop in O.D. when grown at the restrictive 
temperature in the absence of NaCl. 
Table 4. The effect of the concentration of NaCl on 1 bhe growth of TSSR mutants in NA at 43C 
Strain Growth response^ • to NaCl at a molar concentration of 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
655C 4 4 4 4 4 4 4 4 4 4 4 
655HT 4 4 4 4 4 4 4 4 4 4 4 
TSSR-1 - - — - - - 2 3 4 4 4 
TSSR-9 - - - 2 3 3 4 4 4 4 4 
TSSR-15 1 1 1 1 1 1 1 3 4 4 4 
TSSR-17 - - - 2 3 4 4 4 4 4 4 
TSSR-25 - - - - 1 1 3 4 4' 4 
TSSR-33 - - - - - - - - 3 
TSSR-39 2 2 2 2 2 2 2 4 4 4 4 
TSSR-65 - - - - - - 3 3 3 4 
TSSR-84 - - - 2 2 3 3 4 4 4 4 
TSSR-87 - - - - - - 3 4 4 
TSSR-95 - - 1 1 1 2 3 4 4 4 4 
TSSR-101 - - - - - - 4 4 4 4 
TSSR-IOS - - •M - 1 1 1 4 4 4 
TSSR-112 1 1 1 3 3 4 4 4 4 4 4 
TSSR-113 - - - - - - - - 1 2 4 
TSSR-115 - - - 2 3 3 3 4 4 4 4 
TSSR-123 - - - - - - - - - «» 3 
TSSR-127 — 1 2 4 4 4 4 
^Growth response is recorded as: - - no growth; 1 = 1-5 colonies; 2 = 5-50 colonies; 
3 = more than 50 colonies; 4 = zonfluent growth. 
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These preliminary studies had limitations; the inoculum consisted 
of stationary phase cells and aeration was not optimal. Therefore, sub­
sequent growth studies were done in nephelometer flasks using log phase 
cells. These growth experiments were of two different types. The first 
type, termed an osmotic shift, involved subjecting the cells to a shift 
from a medium of high solute concentration to one of low concentration 
while maintaining the cultures at the restrictive temperature. The 
second type, termed a temperature shift, involved shifting the cells 
from the permissive to the restrictive temperature while in a medium of 
low solute concentration. 
The osmotic shift growth studies were performed by resuspending the 
cells from a BHI agar slant containing 1 M NaCl (incubated at 30C for 
24 hr) in 1 ml of NSB. This suspension was used to inoculate a nephelo­
meter flask containing NSB at 43C to an O.D. of about 0.1. The culture 
was incubated with shaking at 43C until an O.D. of 0.5 was reached. The 
cells were then harvested by centrifugation at 16,300 x g at 4C and 
the pellet resuspended in 1 ml of NSB. This suspension was then used to 
inoculate flasks of NB and NSB prewarmed to 43C; subsequent growth at 
43C was followed by O.D. 
The results of an osmotic shift growth experiment are given in 
Figure 4. The wild-type cells (655HT) entered the logarithmic growth 
phase with very little lag after resuspension (0 time) in either NB or NSB. 
However, growth was somewhat less rapid and the culture did not reach as 
high a final O.D. in NSB as in NB. Some of the mutants, (TSSR-1, 9, 25, 
Figure 4. Effect of 1 M NaCl on the growth of strain 655HT and mutant 
TSSR-9 in NB at 43C 
Log phase cells of 655HT (O^D) and TSSR-9 (# ,8)  grown 
in NSB at 43C were harvested by centrifugation and inocu­
lated at 0 hr into 75-ml volumes of NB with (Q,S) and 
without (Oj®) 1 M NaCl. Growth was measured by O.D. 
during subsequent incubation with shaking at 43C. 
0 (540nm) 
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and 95), grew well when resuspended in NSB but failed to grow (and in 
fact underwent apparent lysis) when resuspended in NB. Other mutants, 
(TSSR-33, 84, 112, 113, and 115) appeared to be damaged by centrifuga-
tion. When resuspended, they were unable to regain their initial growth 
rate in NSB. This situation could not be circumvented for TSSR-115 
by collecting the cells by membrane filtration (Figure 5). The effect 
of centrifugation on mutants TSSR-112 and 113 was even more pronounced; 
the cells neither grew in NSB nor did they lyse in NB. 
To circumvent the damage to the cells incurred during the osmotic 
shift experiments, temperature shift growth studies were performed. In 
these experiments, nephelometer flasks were inoculated with cells re­
suspended from BHI agar slants (incubated at 30C for 18 hr) in 1 ml of 
NB, Incubation with shaking at 30C was continued until the culture had 
reached early log phase. The flasks were then transferred to another bath 
at 43C and shaking was continued. The time of temperature shift was taken 
as 7 min after the flasks were transferred to allow for thermal equilibra­
tion. Accordingly, this was also the time at which any growth inhibitors 
were added. The growth curves of a representative grnnn of mutants are 
given in Figure 6. Most mutants stopped growing after being shifted to 
the restrictive temperature and gradually began to lyse. Lysis was es­
pecially apparent with continued incubation. The shift in temperature 
was also accompanied by a decrease in viability as shown in Table 5, 
In contrast to the other mutants, TSSR-101 experienced a decrease in 
viability while O.D. continued to rise. Similar, though less extreme. 
Figure 5. Effect of filtration and centrifugation on the growth of 
mutant TSSR-115 
Log phase cells of TSSR-115 grown in NSB at 43C (A )  were 
collected by either centrifugation (A) or by membrane fil­
tration (jB) and inoculated at 0 hr into 75-ml volumes of 
NB (O) and NSB (•). Growth was measured by O.D. during 
subsequent incubation with shaking at 43C. 
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Figure 6, Effect of temperature shift on the growth of wild-type and 
several TSSR mutants in NB 
Nephelometer flasks (300 ml capacity) containing logarith­
mically growing cells at 30C in 75 ml of NB were trans­
ferred (0 time) to a 43C water bath and optical density was 
measured. The symbols are as follows: (O) wild-type, 
(A) TSSR-101, (B) TSSR-1, (#) TSSR-95, (•) TSSR-9, 
(#) TSSR-25. 
42 
Q 0.6 
0.4 
m m 
y-
!»TWmi I «KK. 
ey =^ « 
TIME (hrs) 
43 
Table 5. Viability of mutant strains at various times after a shift 
from 30C to 43C 
Mutant Viability^ in cfu/ml and (%) at various times after 
the temperature shift 
0 hr 1 hr 2% hr 
TSSR-1 9. 6X10? (100) 1. 0X10® (104) 2.6X10^ (.27) 
TSSR-25 7. 2X10? (100) 8. 2X10^ (1.1) 1.2X10^ (.02) 
TSSR-39 1. 3X10? (100) 8. 4X10^ ( 65) 4.4X105 (3.3) 
TSSR-65 7. 2X10? (100) 7. 4X10? (103) 6.1X10? ( 85) 
TSSR-84 4. 2X10? (100) 3. 4x106 (8.1) 2.1X10^ (.05) 
TSSR-87 5. 8X10/ (100) 1. 3x10/ ( 22) 1.3X10^ (0.2) 
TSSR-95 6. 0X10? (100) 1. 4X10? ( 22) 1.4X10^ (0.2) 
TSSR-101 4. 6X10? (100) 1. 8X10^ ( 39) 6.2X105 (.13) 
TSSR-113 1. 0X10^ (100) 8. 0X10^ (0.8) 6.0X10^ (.01) 
TSSR-115 6. 3X10? (100) 2. 9X10^ (4.6) 2.6X10^ (.04) 
^Viability is given as colony forming units per ml of culture and 
as the percent of the viability at the time of temperature shift, 
results were obtained with TSSR-65. This mutant also exhibited a 
slower growth rate than all other mutants. 
The increased fragility of the cells exposed to the temperature shift 
could also be demonstrated by exposing them to SLS. This technique had 
been previously used by Metcalf and Beibel (1959) to demonstrate that 
lysozyme could weaken the cell wall of Streptococcus faecium. Figure 7 
shows the effect of a temperature shift on O.D., cell fragility, and cell 
viability of mutant TSSR-113. 
Figure 7^ Effect of temperature shift on the growth of mutant TSSR-113 in NB 
Nephelometer flasks (300 ml capacity) containing logarithmically growing cells 
at 30C in 75 ml of NB were transferred (arrow) to a 43C water bath and optical 
density (0)j viable cells (•) and osmotic fragility (A) were measured. 
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Radiotracer Studies 
Mutant TSSR-1 was chosen for use in radioactive tracer experiments 
because of its superior growth in S broth. The graph of a temperature 
shift growth experiment of TSSR-1 in NB is given in Figure 8. A similar 
pattern of growth was seen when this strain was subjected to a tempera­
ture shift under the conditions used for the double labeling studies 
(Figure 9). When the parent strain was subjected to a temperature shift 
in S broth, DNA and protein synthesis (as measured by TCA-precipitable 
counts of and respectively) continued for 1^ hr and then leveled 
off (Figure 10). The maximum level of counts in the TCA precipitate re­
mained constant upon further incubation. However, for mutant TSSR-1 
(Figure 11), the amount of radioactivity in the TCA precipitate de­
creased during continued incubation. If one assumes that growth con­
verts non-TCA-precipitable monomers into TCA-precipitable polymers, then 
the drop in counts suggests that these polymers are being hydrolysed to 
smaller molecules. Since it has been shown that these cells are fragile, 
it may be that the labeled intracellular protein and DNA have become 
susceptible to the hydrolytic action of extracellular proteases and 
DNAses through cellular lysis. The studies also indicate that the tem­
perature sensitive lesion does not inhibit DNA or protein synthesis directly 
because both processes continue after the shift in temperature. Similar 
results were obtained in temperature-shift with wild-type cells treated 
with D-cycloserine and for mutants TSSR-84 and 95. 
Figure 8. Effect of temperature shift on the growth of mutant 
TSSR-1 in NB 
Nepheloraeter flasks (300 ml capacity) containing 
logarithmically growing cells at 30C in 75 ml of NB 
were transferred (arrow) to a 43C water bath and in­
cubation with shaking continued. Optical density (O)  
and osmotic fragility (A) were measured. 
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Figure 9. Effect of temperature shift on the growth of strain 655HT 
and mutant TSSR-1 in S broth 
Flasks (125-ml) containing logarithmically growing cells 
at 30C in 24 ml of S broth were transferred (arrow) to 
a 43C water bath. Optical density of strain 655HT (Q) 
and mutant TSSR-1 (A) were measured. 
50 
0.9 — 
§ O.b 
m 
ci 0.4 
- A 
TIME (hrs) 
Figure 10, Incorporation of H-thymidine and C-phenylalanine into 
TCA-precipitable components of strain 655HT during a 
temperature shift in S broth 
Flasks (125-ml) containing logarithmically growing cells 
at 30C in 24 ml of S broth were transferred (arrow) to 
a 43C water bath. Disintegrations per minute (DPM) for 
(A) and (O) were measured. 
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Figure 11, Incorporation of ^H-thymidine and ^C-phenylalanine into 
TCA-precipitable components of mutant TSSR-1 during a 
temperature shift in S broth 
Flasks (125-ml) containing logarithmically growing cells 
at 3ÛC in 24 ml of S broth were transferred (arrow) to a 
43C water bath. Disintegrations per minute (DPM) for (A)  
and (O) were measured. 
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Growth Inhibitor Studies 
Attempts were made to mimic the effects of the temperature sensitive 
lesions of the mutants by treating the parent strain with different 
growth inhibitors. The inhibitors used were; NaN^ (1 mg/ml), 
D-cycloserine (200 jig/ml), and chloramphenicol (50 ^g/ml). The growth 
inhibitors were added at the time of temperature shift; growth was fol­
lowed by O.D. and fragility by SLS shock. The O.D. of the culture treated 
with D-cycloserine increased for about 1 hr after the temperature shift, 
following which the O.D, gradually decreased and the cells became pro­
gressively more sensitive to SLS treatment (Figure 12). In contrast, 
the culture treated with chloramphenicol (Figure 13) ceased growth but 
showed no significant decrease in O.D, or increase in cell fragility. 
This result suggests that merely stopping protein synthesis is insuf­
ficient to induce cell fragility. The parent strain treated with NaN^ 
produced yet another pattern of growth (Figure 14). After the tempera­
ture shift and addition of NaN^, the O.D, of the culture stabilized 
but then began to drop. Treatment of the culture with SLS caused an 
increase in O.D. at early times followed later by a decrease. 
The addition of the growth inhibitors in various combinations was 
also investigated. Figure 15 shows that when strain 655HT is treated 
with a combination of D-cycloserine and NaN^, little or no effect of 
D-cycloserine is seen (i.e. the response is that of NaN^ inhibition alone). 
In contrast; chloramphenicol did not inhibit the effect of D-cycloserine, 
As shown in Figure 16, the presence of chloramphenicol and D-cycloserine 
Figure 12. Effect of temperature shift with D-cycloserine on the 
growth of strain 655HT in NB 
Nephelometer flasks (300 ml capacity) containing logarith­
mically growing cells at 30C in 100 ml of NB were trans­
ferred (arrow) to a 43C water bath; D-cycloserine (200 
/jg/ml) was added and incubation with shaking continued. 
Optical density (O) and osmotic fragility (A) were 
measured. 
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Figure 13. Effect of temperature shift with chloramphenicol on the 
growth of strain 655HT in NB 
Nephelomaer flasks (300 ml capacity) containing logarith­
mically growing cells at 30C in 100 ml of NB were trans­
ferred (arrow) to a 43C water bath; chloramphenicol was 
added and incubation with shaking continued. Optical 
density (O) and osmotic fragility (A) were measured. 
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Figure 14. Effect of temperature shift with NaN^ on the growth of 
strain 655HT in NB 
Nephfilometer flasks (300 ml capacity) containing logarith­
mically growing cells at 30C in 100 ml of NB were trans­
ferred (arrow) to a 43C water bath; NaN^ (1 mg/ml) was 
added and incubation with shaking continued. Optical 
density (O) -nd osmoLic fragility (A) were Pleasured. 
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Figure 15. Effect of temperature shift with NaNg and D-cycloserine 
on the growth of strain 655HT in NB 
Nephelometer flasks (300 ml capacity) containing 
logarithmically growing cells at 30C in 100 ml of 
NB were transferred (arrow) to a 43C water bath; 
NaNg (1 mg/ml) and D-cycloserine (2G0^g/ml) were 
added and incubation with shaking continued. Optical 
density (O) and osmotic fragility (^) were measured. 
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Figure 16. Effect of temperature shift with D-cycloserine and 
chloramphenicol on the growth of strain 655HT in NB 
Nephelometer flasks containing logarithmically growing 
cells at 30C in 100 ml of NB were transferred (arrow) 
to a 43C water bath; D-cycloserine (200 ng/ml) and 
chloramphenicol (50 >ig/ml) were added and incubation 
with shaking continued. Optical density (Q) and osmotic 
fragility (A) were measured. 
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in combination caused a definite increase in osmotic fragility, although 
it was not as great as with D-cycloserine alone. 
The effect of NaN^ in a temperature shift experiment on two TSSR 
mutants was also investigated. When added at the time of temperature 
shift, NaN^ inhibited the development of fragility in TSSR-9 (Figure 
17). A somewhat different pattern is seen with mutant TSSR-84 (Figure 
18), This mutant was fragile, even at 30C, but became even more so 
upon incubation at 43C in the absence of NaN^. However, the increase in 
fragility in the presence of NaN^ was not as great. 
Nucleotide Accumulations 
The inhibition of cell wall biosynthesis with antibiotics causes 
the accumulation of cell wall precursor nucleotides (Ghuysen et al., 
1968). Therefore, experiments were undertaken to determine if any of 
the TSSR mutants accumulated these compounds. The assay used (Strominger, 
1957) detects the presence of N-acetylamino compounds released from cell 
wall precursor nucleotides by mild acid hydrolysis. Strominger has 
shown that most of the N-acetylamino sugar compounds in the bacLetial 
extracts are attached to uridine nucleotides. 
Initial experiments were performed by submitting the TSSR mutants 
and strain 655HT to temperature shift growth experiments; cells were 
collected by membrane filtration 1 hr after the shift to the restrictive 
temperature. When strain 655HT was used, various antibiotics were added 
to the cultures at the time of temperature shift to determine the levels 
of accumulation of nucleotides caused by known inhibitors of cell wall 
Figure 17. Effect of temperature shift with NaN3 on the growth of 
mutant TSSR-9 in NB 
Nephelometer flasks (300 ml capacity) containing 
logarithmically growing cells at 30C in 100 ml of 
NB were transferred (arrow) to a 43C water bath; 
NaNg (1 mg/ml) was added to one culture (O, iâ) but 
not the other (<ô, A.) and incubation with shaking 
continued. Optical density (o,and osmotic 
fragility (A, ^) were measured. 
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Figure 18. Effect of temperature shift with NaNg on the growth of 
mutant TSSR-84 in NB 
Nepheiometer flasks (300 ml capacity) containing 
logarithmically growing cells at 30C in 100 ml of 
NB were transferred (arrow) to a 43C water bath; 
NaNg (1 mg/ml) was added to one culture (G,^) 
but not the other (0,A) and incubation with 
shaking continued. Optical density (O,© ) and os­
motic fragility were measured. 
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biosynthesis. The results are given in Table 6, 
Several variables must be taken into consideration when interpreting 
nucleotide accumulation data. First, to compensate for the different 
growth rates (and hence the different cell yields) of the TSSR mutants, 
the accumulations were adjusted by dividing the nM of nucleotide in 5 ml 
of culture by the final O.D. Whether corrected for growth rates or not, 
Table 6. Nucleotide accumulation of TSSR mutants grown at 43C and 
harvested by membrane filtration 
Strain nM/5ml nM/5ml/0.D. nM/ug protein x 10 
TSSR-95 
TSSR-9 
TSSR-112 
655HT -f CS" 
TSSR-115 
TSSR-25 
655HT + ya 
TSSR-17 
TSSR-33 
TSSR-123 
655HT (no addition) 
TSSR-101 
TSSR-65 
TSSR-39 
TSSR-i 
TSSR-15 
655HT + P* 
TSSR-84 
TSSR-87 
TSSR-113 
TSSR.127 
49 57 21 
46 58 18 
44 44 17 
38 47 10 
35 51 15 
34 57 11 
29 35 6 
25 42 15 
21 36 9 
19 32 11 
5 4 1 
5 5 3 
5 7 2 
4 6 3 
3 1 
1 1 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
^CS = 200 ^ ig/ml of D-cycloserine, P = 100 units/ml of penicillin G, 
V = 20 ^ ig/ml of vancomycin. 
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the accumulation data reveal the existence of three groups of mutants. 
The first and largest group consists of those mutants which are strong 
accumulators; a second group consists of weak accumulators; the third 
group is composed of those mutants which have little or no accumulation. 
Treatment of the parent strain with either D-cycloserine (200 ^ g/ml) 
or vancomycin (20 pg/ml) caused a significant increase in nucleotide 
levels. Penicillin caused no accumulation, an observation which is at­
tributed to the penicillinase-producing ability of the parent strain. 
The nucleotide assay depends upon the collection of cells from the 
culture fluid followed by boiling water extraction. Because cell 
fragility varied among the mutants, it is possible that the efficiency of 
extraction varied also. Therefore, the accumulation data in Table 6 was 
adjusted for the amount of protein in the extract. This adjustment de­
creases the distinction between the groups of strong and weak accumu­
lators; the mutants primarily affected were TSSR-39, 65 and 101. How­
ever, the accumulation of mutant TSSR-1 remained definitely at the level 
of the parent strain. Nucleotide accumulation data is commonly presented 
as uM/i!i1/0.D. and r.o adjuc:truer.t is made for the efficiency of extraction 
(Chatterjee et al., 1969). 
Another method of harvesting the cells for nucleotide assays was 
also used. A 100 ml culture of each mutant in a 300 ml nephelometer flask 
was incubated at 30C until an O.D. of 0.5 was reached. At this time 50 
ml of culture was removed and chilled on ice while the rest of the culture 
was shifted to 43C. After the flask had reached 43C (7 min) incubation 
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was continued for an additional hour; the remaining 50 ml of the culture 
was then chilled on ice. The chilled suspensions were centrifuged at 
2,520 X g for 2 min and the pellets extracted and assayed as before. The 
results of these experiments (Table 7) reveal that a number of strains 
(TSSR-9, 15, 17, 25, 33, 65, 112, 115, and 123) show significant 
nucleotide accumulation at 30C. Also, some strains (TSSR-9, 15, 17, 
and 65) show a significant decrease in the level of accumulation at 43C. 
This decreased accumulation at 43C is probably due to a loss of intra­
cellular components during collection of the cells prior to extraction. 
Those mutants that exhibit accumulated nucleotides when cells are col­
lected by either membrane filtration or centrlfugation are TSSR-9, 17, 
25, 33, 65, 95, 112, 115, and 123. The remaining mutants can be divided 
into a group of weak accumulators (TSSR-15, 84, 101, and 127) and a group 
of non-accumulators (TSSR-39, 87 and 113). 
The effect of growth in 1 M NaCl at 43C on nucleotide accumulations 
was also investigated. The log phase cells used for extraction were 
collected by membrane filtration. As shown in Table 8, no accumulations 
were observed for strains rSSR-33 and 95 silLliOugh these mutants did 
show accumulations when subjected to a temperature shift in NB (Tables 
6 and 7). VJhen strain 655HT was treated with D-cycloserine in NB + 1 M 
NaCl at 43C, lysis began within an hour of the addition of the antibiotic, 
and no nucleotide accumulations were observed. Thus, the reduced levels 
of nucleotides seen with the TSSR mutants in 1 M NaCl were probably due 
to loss by cellular lysis. 
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Table 7. Nucleotide accumulations of TSSR mutants grown at 30 and 43C 
and harvested by centrifugation 
Strain Nucleotide accumulations^ at: 
30C 43 C Change^ 
655HT + yC 99 
TSSR-123 23 76 +53 
TSSR-112 24 75 +51 
TSSR-115 39 65 +26 
TSSR-9 74 60 -14 
TSSR-33 40 41 +1 
655HT + CSC - 34 -
TSSR-25 17 26 +9 
TSSR-65 24 17 -7 
TSSR-1 0 15 +15 
TSSR-95 0 14 +14 
TSSR-17 19 5 -14 
TSSR-15 16 2 -14 
TSSR-84 8 7 -1 
TSSR-101 8 4 -4 
TSSR-127 6 3 -3 
Ô55HT (no additions) 0 1 +1 
TSSR-39 0 0 0 
TSSR-87 0 0 0 
m /-« r«T% "I 1 o 1 001\— JL A 0 0 
^Recorded as nM/5mI of culture/final O.D. 
Difference in the amount of nucleotides observed at 30C and 43C. 
^CS = 200 pg/ml of D-cycloserine, V = 20 yig/ral of vancomycin. 
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Table 8. Nucleotide accumulations of some TSSR mutants when grown at 
43C in the presence of 1 M NaCl 
Mutant Accumulation^ 
TSSR-9 10 
TSSR-17 13 
TSSR-25 29 
TSSR-33 0 
TSSR-95 0 
TSSR-112 10 
TSSR-115 31 
TSSR-123 63 
Recorded as nM/5ml of N-acetyl amino sugar nucleotides/5 ml of 
culture/final O.D. 
Other Cell Wall Mutants 
Wall-less forms 
The cell -yy-sll of curses can be rAmoved by growth in the presence 
of antibiotics that inhibit peptidoglycan synthesis such as methicillin 
(Hamburger and Carleton, 1966) or by the use of cell wall degrading enzymes 
(Watanakunakorn et al., 1969). Some of the spheroplasts derived from 
such treatments remain stable and do not revert to nnim?J cocc.i during 
numerous transfers in the absence of the agent which was used to remove the 
cell wall (Hamburger and Carleton. 19 66), Therefore, the feasibility of 
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obtaining temperature sensitive mutants that formed spheroplasts at the 
restrictive temperature was investigated. Cells of aureus 655 
gua-76 (Gabbard, 1967) were spread on plates of BHI agar (1.05% agar) 
containing 100 units of penicillin G per ml, and 10% heat-inactivated 
horse serum. Duplicate plates were incubated at 30C and 43C and examined 
periodically. After five days of incubation, eight spheroplast colonies 
were found on two of the four plates incubated at 30C while none were 
found on plates incubated at 43C, even after longer times of incubation. 
The low yield of spheroplasts at 30C coupled with an inability to pro­
duce any at 43C suggested that this means of obtaining wall mutants would 
probably not be very profitable. 
Auxotrophic mutants 
Attempts were made to obtain mutants of strain 655HT defective in 
cell wall biosynthesis which were not temperature sensitive. Since 
D-alanine is an integral part of the pepcidoglycan (Ghuysen et al., 
1968), mutants blocked in D-alanine biosynthesis might be linked to 
genes controlling other steps in cell wall synthesis. In an attempt to 
obtain D-alanine-requiring mutants, strain 655HT was treated with NG 
and spread on TSA plates. After 18 hr of incubation at 37C the result­
ing colonies were replicated to plates of synthetic agar with and with-
out 60 pg of D-alanine per ml. These plates were incubated at 37C for 
48 hr and examined for colonies that required D-alanine for growth. Of 
about 4,000 colonies examined, the several presumptive mutants isolated 
were not found to require D-alanine on further testing. Similar 
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attempts to find mutants that required D-glutamate were also un­
successful. 
Antibiotic resistant mutants 
Attempts were made to isolate mutants resistant to either vancomycin, 
Q 
bacitracin or ristocetin. About 3 x 10 nonmutagenized cells of 655C 
were plated on BHI agar plates containing different concentrations of 
the antibiotics. The concentrations of antibiotics used were as follows; 
for vancomycin, 1, 5, 10, 15 and 20 pg/ml; for bacitracin, 10, 25, 50, 
75 and 100 jjg/ml; and for ristocetin, 10, 25, 50, 75 and 100 ;ig/ml. The 
effect of the antibiotic seemed to be highly dependent on the size of 
the inoculum. Use of a heavy inoculum comparable to a transduction 
suspension gave patches of growth in the areas of heaviest cell concen­
tration. Cells in these areas were not resistant upon further testing. 
No mutants were obtained that were sufficiently resistant to withstand 
the amount of antibiotic required to eliminate the areas of growth con­
taining sensitive cells. 
Mutants of strain 655C were obtained which were resistant to 
D-cycloserine. The mutants were derived by the same method used for 
the other antibiotics. The concentrations of D-cycloserine used were 
40, 80, 100, 120, 160 and 200 AJg/ml, with a m ic (minimum inhibitory 
concentration) of 80 ^ ig/ml. Three colonies were picked from a NA plate 
containing 100 jig/ml of D-cycloserine. On further testing of these 
mutants, the m i c was found to have risen only slightly, (i.e. from 
80 to 100 ^g/ml for confluent growth), but a few colonies were found 
which had mic of 180 jug/ml. One of these colonies, designated CSR 1-1, 
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grew confluently at concentrations of D-cycLoserine up to 160 pg/ml; 
this concentration was completely inhibitory to strain 655C. The 
isolate CSR-1 from which CSR 1-1 was derived was not sufficiently re­
sistant to be used in transduction experiments. Phage 83 was propagated 
on CSR 1-1 to produce a phage lysate for the transduction of the genetic 
determinant for the higher level of resistance into strain 655C. Al­
though many different concentrations of D-cycloserine were used in the 
selective media, (in both NA and BHI) in no case did the transduction 
plates show a greater number of colonies than did the control. 
Transduction Analysis of TSSR Mutants 
Genetic repair of the lesion conferring temperature sensitivity on 
the mutants has proven difficult but not impossible. Several parameters 
that are known to influence the efficiency of transduction have been in­
vestigated. The effect of different multiplicities of infection 
on two of the mutants can be seen in Table 9. The maximum number of 
transductants for both mutants was attained at a m.o.i. of less than one. 
Mutant TSSR-95has the maximum crausducLloa frequer.cy at a Icvjer m.o.i. tVian 
TSSR-1. Previous studies have shown that TSSR-95 is also more fragile 
than TSSR-1 as determined by SLS shock. Because' of the low maximum ex­
hibited in these experiments, a m,o.i.of 0.4 was used in all further trans­
ductions on the assumption that other of the mutants would also have 
low maxima. 
Initial attempts at transduction showed that the presence of 
1X10"^ M CaClg in the selective medium increased the frequency of 
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Table 9. The effect of the multiplicity of infection on the frequency 
of transduction on mutants TSSR-1 and 95 by phage 83/655N 
TSSR-1 TSSR-95 
B o cfu/plate^ m.o.i. cfu/plate& 
0.0 10 0.0 14 
.32 163 .10 24 
.64 129 .25 79 
1.6 84 .75 652 
3.2 73 1.0 215 
4.8 0 5.0 36 
6.4 11 10 72 
^Colony forming units per plate of NA containing 0,1 ml of un­
diluted transduction suspension. 
transduction for some strains. The effect of CaCl^ in the plating medium 
on the frequency of transduction of TSSR-84 is given in Table 10. A 
similar level of transduction could be obtained by including 1X10" M 
CaCi^ in the transducLiuù suspension and selecting ^ransductants on NA 
without CaCl^. No evidence of transduction was seen for mutant TSSR-84 
when plated on BHI agar. BHI agar or BHI agar + 0.5% Na citrate are 
often used to increase the frequency of transduction. The beneficial 
effect of these media on the efficiency of transduction is thought to be 
due to a decreased level of second round 'infection (Dowell and Rosenblum, 
1962). Table 11 shows the results of experiments to determine the effect 
of 0.5 M Na citrate in the plating medium on transduction frequencies. 
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Table 10. The effect of NA and NA + CaCl2 in the plating medium on the 
frequency of transduction of TSSR-84 by phage 83/655N 
cfu/plate^ containing CaCl2 
concentration (M) of; 
at a 
0 1X10-4 5X10-3 1X10-3 
Control 23 15 18 17 
Transduction 173 178 195 283 
^Colony forming units per plate of NA containing 0.1 ml of un­
diluted transduction suspension. 
All mutants were infected with 1X10"^ M CaCl^ in the transduction sus­
pension and were plated on either NA or NA + 0.5 M Na Citrate. The 
addition of 0.5 M Na citrate was found to aid the transduction in some 
strains, e.g., TSSR-9 and 101, but to reduce it in others, e.g. TSSR-1 
and 84. In further experiments each mutant was plated on the medium 
(NA or NA + 0.5% Na citrate) that gave the greatest efficiency of trans­
duction. It can also be seen from this table that some mutants would 
not transduce at all, while others reverted badly on both types of media. 
Transduction suspensions were shaken at 30C to allow for adsorption 
of the phage particles to the recipient bacteria. The effect of the 
duration of this shaking was examined for mutants TSSR-25 and 84, The 
individual transduction suspensions were sampled at the times indicated 
in Table 12. Mutant TSSR-84 showed a maximum number of transductants at ^ 
hr of shaking, after which time the number of transductants recovered 
declined. One half hour of shaking at 3ÛC was used in all further ex­
periments. 
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Table 11. The effect of sodium citrate in NA 
duction by phage 83/655N 
on the frequency of trans-
Strain cfu/2 plates^ 
NA NA + Na citrate 
Control Transduction Control Transduction 
TSSR-1 5 1017 0 0 
TSSR-9 82 145 108 1000 
TSSR-15 116 2169 72 1780 
TSSR-17 TMTC TMTC TMTC TMTC 
TSSR-25 62 185 86 547 
TSSR-33 0 0 0 0 
TSSR-39 TMTC TMTC 561 341 
TSSR-65 0 228 0 283 
TSSR-84 103 205 6 1 
TSSR-87 0 0 0 0 
TSSR-95 43 329 0 0 
TSSR-101 60 427 80 1515 
TSSR-108 6 338 TMTC TMTC 
TS5R=li2 rnxim/-» TMTC TMTC 
TSSR-113 2 465 274 23 
TSSR-115 TMTC TMTC TMTC TMTC 
TSSR-123 0 0 0 0 
TSSR-127 0 0 0 0 
^Colony counts per 2 plates, each containing 0.1 ml of undiluted 
transduction suspension. 
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Table 12. The effect of the duration of shaking at 30C on the trans­
duction frequencies of mutants TSSR-25 and 84 by phage 
83/655N 
cfu/plate^ from aliquots of cell 
suspension shaken for; 
0 & 1 1% 2 3 hr 
TSSR-25 Control 17 28 24 34 33 24 
TSSR-25 Transduction 24 143 154 161 184 162 
TSSR-84 Control 18 25 22 25 25 33 
TSSR-84 Transduction 101 188 129 142 106 46 
^Colony forming units per plate of NA containing 0.1 ml of un­
diluted transduction suspension. 
Some transduction protocols for aureus include washing of the 
transduced cells to remove unadsorbed phage and thus decrease the in­
cidence of second round infection (Kloos and Pattee, 1965). Table 13 
shows results of an experiment to determine the effect of washing on the 
frequencies of transduction of two TSSR mutants. The transduction sus­
pensions were sampled before centrifugation (1,200 x g), after the first 
centrifugation and resuspension in P and D broth and after a second 
centrifugation and resuspension. Washing had no beneficial effect on 
TSSR-25 and was found to decrease the transduction frequencies of TSSR-9. 
The possibility of genetic linkage among the TSSR mutants has been 
investigated by the use of the "best-fit" method (Hartman, 1956). The 
results of a "best-fit" analysis on strains TSSR-1, 15, 25, 65, 84, 95, 
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Table 13. The effect of washing on the frequency of transduction of 
mutants TSSR-9 and TSSR-25 by phage 83/655N 
cfu/plate^ from aliquots of cells washed; 
0 1 2 
TSSR-9 Control 150 87 130 
TSSR-9 Transduction 650 369 293 
TSSR-25 Control 8 3 3 
TSSR-25 Transduction 284 270 268 
^Colony forming units per plate of NA containing 0.1 ml of un­
diluted transduction suspension. 
101, 108 and 113 are given in Table 14. One possible linkage group 
(Mutants TSSR-25, 65 and 101) can be seen were reciprocal crosses 
give reduced numbers of transductants^ No other consistent patterns of 
linkage can be seen among the mutants. 
Table 14. Transduction analysis of linkage relationships among TSSR mutants of S, aureus 
Number of transductants® 
Recipient Donor 
TSSR 
-25 
TSSR 
-101 
TSSR 
-65 
TSSR 
-113 
TSSR 
-84 
TSSR 
-1 
TSSR 
-95 
TSSR 
-108 
655HT None 
TSSR-25 4 0 60 547 330 121 204 933 725 11 
TSSR-101 0 0 15 309 266 117 227 502 755 39 
TSSR-65 15 15 18 449 203 147 111 469 907 10 
TSSR-113 225 321 691 0 2 27 104 196 329 1 
TSSR-84 8 19 21 191 56 164 13 145 181 23 
TSSR-1 751 124 940 427 120 0 0 248 883 4 
TSSR-95 655 159 978 401 261 198 11 335 360 90 
TSSR-108 160 338 142 363 0 30 0 238 12 
dumber of non-temperature sensitive clones on two transduction plates - the number of non-
temperature sensitive clones on two control plates. 
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DISCUSSION 
The objectives of this study were to isolate a group of mutants of 
S. aureus with conditional defects in peptidoglycan biosynthesis and 
to determine if any were genetically linked. Such a group of mutants 
was isolated and of the eight which were tested by generalized trans­
duction, three were shown to be linked. 
The major function of the peptidoglycan is to provide the structural 
strength required for the cell to withstand the 20 atmospheres of osmotic 
pressure that exist across the plasma membrane (Mitchell and Moyle, 1957), 
However, if the culture medium exerts an osmotic pressure approaching 20 
atmospheres and other growth requirements are met, cells of aureus 
will grow without cell wall (Hamburger and Carleton, 1966). Since these wall-
less forms are not amenable to transduction, and no other means of 
genetic exchange is known in aureus, they cannot be used for genetic 
studies. However, if the genetic lesion is conditional (temperature 
sensitive), one can do genetic manipulations on the cells at the permissive 
temperature anci sAlect for wild-type recombinants by subsequently exposing 
them to the restrictive conditions (i.e. 43C and media of low osmotic 
pressure). We have not been able to apply the above techniques to sphero-
plasts of £. aureus because of our inability to produce these wall-less 
forms at 43C. However, a complete absence of cell wall was not required 
to render aureus cells osmotically fragile. While the conditionally 
fragile TSSR mutants do have a weakened cell wall at the restrictive 
temperature, it is not completely absent. This fact is suggested by 
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their normal morphology at the light microscope level when grown in 
NSB at 43C. 
The fact that ca. 0.7 M NaCl is remedial for these mutants does 
not necessarily indicate that the effect is osmotic in nature. As was 
shown by Bassel and Douglas (1968), the remedial effect of high solute 
concentrations on certain mutants of yeast is due to changes in the ter­
tiary or quaternary structure of the affected enzyme. A variety of 
solutes (diethylene glycol, sucrose, KCl and NaCl) are remedial for the 
TSSR mutants, while glycerol is not. Mitchell and Moyle (1957) showed 
that the plasma membrane of S. aureus is permeable to glycerol and that 
this compound is not a stabilizer for aureus spheroplasts. They also 
demonstrated that the cell membrane is not readily permeable to sucrose 
and NaCl and that these compounds are stabilizers of aureus sphero­
plasts. Since sucrose and NaCl are remedial for TSSR mutants while 
glycerol is not, it is concluded that the remedial effect of these solutes 
must be osmotic. 
A number of the observations in this study showed that most of the 
TSS" mutants ^rc more fragile than the parent strain and that for some 
mutants this is true at both the permissive and restrictive temperatures. 
The osmotic shift growth curves showed a cell weakening among the mutants 
at the restrictive temperature. One group of mutants (TSSR-1, 9, 25 
and 95) showed lysis when transferred from NSB to NB at 43C, Another 
group (TSSR-33, 84, 112, 113 and 115) were so damaged by centrifugation 
that they did not regain growth in NSB, Cripps and Work (1967) noticed 
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an increased wall thickness and loss of mesosomes in cells of aureus 
JHM that were grown in media containing 47» NaCl and 0.1% glucose. They 
also observed some cellular lysis after a shift from low to high salt 
media. £. aureus 655HT showed no such lysis after a shift from either 
NB to NSB or from NSB to NB. NSB has a higher salt concentration than 
the medium used by Cripps and Work. This higher concentration of salt 
in NSB may stabilize the cells against and detrimental effect of the high 
salt concentration on cell wall. The cells used for osmotic shift growth 
studies were grown for several generations in IM NaCl before the shift 
to ensure that adaptation to the high salt concentration was complete 
before the experiments were begun. 
The need for high salt concentrations and centrifugation was 
eliminated in the temperature shift growth curves. Most of the mutants 
showed wall fragility at the restrictive temperature similar to that dis­
played by TSSR-113 (Figure 7). However, mutants TSSR-65 and 101 did 
not appear to become fragile under any conditions. Also, both mutants 
showed a simultaneous decrease in viability and increase in O.D. after 
a shift to the restrictive temperature. HutanL T3SR-1GI showed a lower 
accumulation of nucleotides (maximum of 8 nM/5ml/0,D., Table 7) while 
TSSR-65 showed more accumulation of nucleotides (maximum of 24 nM/5ml/0.D., 
Table 7). Both displayed a lower level of nucleotides at 43C than at 
30C. These two mutants may have membrane defects at the restrictive 
temperature that allow a leakage of intracellular components without an 
actual weakening of the peptidoglycan. Thus TSSR-65 and 101 may have 
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conditional membrane rather than cell wall defects. 
The radiotracer studies showed that the drop in O.D. seen in the 
temperature shift growth studies for mutants other than TSSR-65 and 101 
was due to cellular lysis. The amounts of DNA and protein in the cultures 
were indicated by and TCA precipitable counts respectively. At 
the end of logarithmic growth, the wild-type cultures reached a stable 
level of DNA and protein content (Figure 10). However, mutant TSSR-1 
(and w\ld-type cultures treated with D-cycloserine) lost TCA precipitable 
counts during the same period (Figure 11). This loss of TCA precipitable 
counts can be accomplished by a degradation of the labeled macromolecules 
by extracellular nucleases and proteases. Thus, destruction of the cell 
because of a weakened cell wall can explain the release of these normally 
intracellular macromolecules. 
Phenocopies of the mutants were made by treating wild-type cells 
with the antibiotic D-cycloserine (Figure 12), The lytic response ob­
served with D-cycloserine is not seen with chloramphenicol or NaN^ 
treated cells, suggesting that an inhibition of either protein synthesis 
or energy supply alone is not enough to cause the mutant phenotype (Figures 
13 and 14). Simultaneous treatment of wild-type cells with chloramphenicol 
and D-cycloserine produces an intermediate phenotype in which lysis is 
less severe (Figure 16). Thus, a blockage of peptidoglycan synthesis 
can produce cell fragility in the absence of protein synthesis. However, 
wild-type cells treated simultaneously with NaN^ and D-cycloserine ex­
hibited the phenotype due to NaN^ treatment alone. This is also true for 
mutants TSSR-9 and 84. For an explanation of the NaN^ effect we must 
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first understand why an inhibition of peptidoglycan synthesis causes 
Lysis. 
An interesting expLanation for Lysis caused by the inhibition of 
peptidoglycan biosynthesis was suggested by WeideL and PeLzer (L964) 
and was supported by Tomaz et aL. (L970). Tomaz and co-workers found 
that inactivation of the autoiytic enzyme system of Dipiococcus 
pneumoniae by either mutation or chemical modification of the cell wall, 
will render it less sensitive to the antibiotics penicillin, D-
cycloserine and phosphonomycin. Not only are the modified cells killed 
more slowly by the antibiotics, but they do not undergo cellular lysis. 
Thus, the lysis usually caused by these antibiotics is due to the in­
ability of the cells to repair the damage done by their own autoiytic 
enzymes. This also suggests that normal growth is a process of simul­
taneous cell wall synthesis and degradation. Thus, any compound that 
stops cell wall synthesis should lead to cell lysis due to autoiytic 
enzymes. However, cell wall lysis is produced much more slowly by NaN^ 
(Figure 14) than by D-cycloserine (Figure 12). When inhibition is due 
to U-cycioserine alone oLlicr uf cellular growth can continue, 
perhaps putting greater strains on the cell wall than when all cellular 
growth is stopped by NaN^, 
In addition to cell wall weakening, the suggestion that the TSSR 
mutants have conditional defects in cell wall biosynthesis was also sup­
ported by the analysis of the accumulation of cell wall precursors. The 
major difficulty in interpreting the nucleotide accumulation experiments 
was encountered with those mutants that showed little or no accumulations. 
90 
In these cases it was not known whether the cells failed to accumulate 
nucleotides or if the nucleotides that accumulated were lost during har­
vesting. Only two mutants (TSSR-87 and 113, Tables 6 and 7) failed to 
show accumulations at either temperature (30C or 43C) or by either means 
of harvesting the cells (membrane filtration or centrifugation). These 
two mutants were also among the most fragile. It may be that these two 
mutants did accumulate cell wall precursors at the restrictive temperature 
but that these accumulations were lost when the cells were harvested. 
Losses of accumulated nucleotides were especially evident in the studies 
where the cells were harvested by centrifugation. Mutants TSSR-9, 65, 
17 and 15 showed major decreases in nucleotide levels at 43C (Table 7). 
Also, growth in NSB at 43C seemed to cause greater losses of nucleotides. 
While wild-type cells treated with D-cycloserine showed accumulations in 
NB at 43C (Tables 6 and 7) none were found for similarly treated cells 
in NSB at 43C. In addition, mutants TSSR-33 and 95 showed no accumula­
tions when grown in NSB but had levels of 36 and 57 nM/5ml/0.D. re­
spectively (Table 6) when grown in NB. In the NSB experiments, the cells 
were collected by membrane filtration. 
Thus, some of the TSSR mutants did accumulate ceil wail precursors, 
suggesting that they had blocks in cell wall biosynthesis. However, the 
possibility of loss of intracellular accumulations during collection of 
the cells does not allow one to group the mutants on this basis. An 
investigation into the nature of each accumulation should allow one to 
make such distinctions. 
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The TSSR mutants were also tested to determine if any required 
either of the cell-wall amino acids D-alanine or D-glutamate, or the 
cell wall peptide D-alanyl-D-alanine. None of the mutants required any 
of these compounds under the restrictive conditions. Also, when 
mutagenized wild-type cells were tested for requirements for either D-
alanine or D-glutamate, no auxotrophic mutants were found. The lack of 
mutants that require D-glutamate can be explained by the presence of two 
pathways for its biosynthesis (Ghuysen et al., 1968). A mutation in 
either pathway would be masked by normal function of the other. Also, 
it may be that NB contains some D-alanine and D-glutamate. If this were 
so, mutant clones requiring either of these amino acids would appear as 
wild-type clones on NB and not be observed in the selection process. 
A search was mads for antibiotic-resistant mutants to obtain non-
temperature sensitive cell wall mutants. Resistant mutants were obtained 
only to D-cycloserine. A two-step mutant was required to produce a level 
of resistance adequate for transductional studies. The inability of this 
mutant to serve as a donor in transduction experiments is probably due 
to its resistance being the result of two separate mutations (i.e., a 
double mutant), Howe et al. (1964) reported that mutants resistant to 
high levels of D-cycloserine could be obtained only by a series of steps, 
Reitz et al, (1966) showed that each mutational increase in the resistance 
of strains of Streptococcus (Ghallis) to D=cycloserine is accompanied by 
an increase in the levels of alanine racemase and D=ala-D-ala synthetase. 
Resistance might also be obtained by a loss of the cell's ability to 
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actively transport the antibiotic (Wargel et al., 1970), Thus, if the 
double mutant contained lesions widely separated on the bacterial chromo­
some, the high level of resistance would not be transferrable as a single 
event. 
Thus, the only mutants usable in genetic studies were the TSSR 
mutants. The fact that many of the TSSR mutants were not completely 
normal at the permissive temperature complicated the transduction studies. 
One such complication was seen in the m.o.i. which was found to be less than 
one for two of the mutants (Table 9). This result suggests that phage 
adsorption and injection of DNA may damage the fragile cells. The stimu­
latory effect of CaCl^ on transduction frequencies (Table 10) also sug­
gests that the recipient cells have wall abnormalities that might affect 
phage adsorption and thus reduce transduction frequencies. 
Another indication of cell fragility at 30C was observed in the ex­
periments to determine the effect on transduction frequencies of washing 
the transduced cells by centrifugation. The repair of the temperature 
sensitive lesion in TSSR-9 was reduced by centrifugation (Table 13), This 
mutant also showed a loss of accumulated nucleotides when temperature-
shifted cells were collected by centrifugation. However, mutant TSSR-9 
did not suffer any apparent damage during centrifugation in the osmotic 
shift growth experiments (Figure 4). The accumulation of nucleotides and 
transduction are probably more sensitive indice s of cell damage than 
are osmotic shift growth studies. 
A number of the TSSR mutants were not amenable to transduction 
studies because of high levels of reversion while others did not participate 
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at all (Table 11). The remaining mutants were subjected to a "best-
fit" analysis (Table 14). In this type of genetic study, each mutant 
is crossed to itself and every other mutant by generalized transduction. 
Linkage between two mutants results in a reduction in the frequency of 
transduction between mutants as compared to the frequency of transduction 
of each mutant by wild-type. The closer two mutant sites are, the less 
is the probability of a genetic exchange between them that produces wild-
type recombinants. 
A reciprocal decrease in transduction frequencies was found only 
between three mutants (TSSR-25, 65 and 101). Mutants TSSR-25 and 65 ac­
cumulate nucleotides at the restrictive temperature where mutant TSSR-101 
shows little or no accumulation. Mutants TSSR-Ô5 and 101 do not become 
fragile at the restrictive temperature. The best-fit analysis data sug­
gests no other linkage group. 
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SUMMARY 
Temperature sensitive mutants which grow at the restrictive tem­
perature (43C) only in the presence of osmotic stabilizers have been iso­
lated from Staphylococcus aureus 655HT after mutagenesis with 
N-methyl-N-nitro-N'-nitrosoguanidine. The mutants were initially 
selected for their ability to grow at 43C on nutrient agar f 10% NaCl 
but not on nutrient agar alone. Further testing has shown that the mini­
mum remedial concentration of NaCl (that concentration of NaCl which will 
allow confluent growth at the restrictive temperature) varied among the 
mutants from 0.5 to 1.0 M. Sucrose was also remedial at a concentration 
of 2 M while glycerol was not. None of the mutants was able to grow at 
the restrictive temperature if provided only with D-alanine, D-glutamate 
(both amino acids being unique to the cell wall) or the cell wall peptide 
D-alanyl-D-alanine. 
All of the mutants except TSSR-65 and 101 became fragile when grown 
at the restrictive temperature in the absence of osmotic stabilizers. Cell 
fragility was monitored by treating aliquots of culture with 0.01 M 
sodium lauryl sulfate and noting the resulting chaude ir- optical density 
(0. D, = 540 nm). The fact that the loss in 0. D. observed with fragile 
cells was due to cellular Lysis was demonstrated by the release of radio-
actively labeled macromolecules from the fragile cells during incubation 
at the restrictive temperature. Phenocopies of the mutants could be made 
by treating wild-type cells with B-cycloserine (200 ^ g/ml, an inhibitor 
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of peptidoglycan biosynthesis) but not with either chloramphenicol 
(50 pg/ml, an inhibitor of protein synthesis) or NaNg (1 mg/ml, an in­
hibitor of energy supply). 
Wild-type cells treated with D-cycloserine accumulated N-acetylamino 
sugar nucleotides that are precursors of the cell wall peptidoglycan. 
Eleven of the TSSR mutants accumulated these nucleotides at the restrictive 
temperature with intracellular levels at least eight times wild-type. Some 
of the eleven mutants also accumulated precursors at the permissive tem-
'\ 
perature (30C). The analysis of accumulated nucleotides was complicated 
by losses of intracellular material from the fragile cells during harvest­
ing. Thus, mutants for which little or no accumulations were found may 
actually have experienced greater accumulations than were observed. 
Attempts were made to isolate mutants requiring either one of the 
amino acids D-alanine or D-glutamate, or resistant to one of the anti­
biotics bacitracin, vancomycin, ristocetin and D-cycloserine. The only 
mutants obtained were resistant to D-cycloserine (160 ug/ml); this high 
level of resistance could not be transferred to other strains by gener­
alized transduction. Eight of the TSSR. mutants were subjected to a "best-
fit" transduction analysis and three were found to be linked. 
These results suggest that the TSSR mutants have conditional defects 
in the maintenance of cell wall integrity and possibly in peptidoglycan 
biosynthesis. 
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